ABSTRACT Strand misalignments at DNA repeats during replication are implicated in mutational hotspots. To study these events, we have generated strains carrying mutations in the Escherichia coli chromosomal lacZ gene that revert via deletion of a short duplicated sequence or by template switching within imperfect inverted repeat (quasipalindrome, QP) sequences. Using these strains, we demonstrate that mutation of the distal repeat of a quasipalindrome, with respect to replication fork movement, is about 10-fold higher than the proximal repeat, consistent with more common template switching on the leading strand. The leading strand bias was lost in the absence of exonucleases I and VII, suggesting that it results from more efficient suppression of template switching by 39 exonucleases targeted to the lagging strand. The loss of 39 exonucleases has no effect on strand misalignment at direct repeats to produce deletion. To compare these events to other mutations, we have reengineered reporters (designed by Cupples and Miller 1989) that detect specific base substitutions or frameshifts in lacZ with the reverting lacZ locus on the chromosome rather than an F9 element. This set allows rapid screening of potential mutagens, environmental conditions, or genetic loci for effects on a broad set of mutational events. We found that hydroxyurea (HU), which depletes dNTP pools, slightly elevated templated mutations at inverted repeats but had no effect on deletions, simple frameshifts, or base substitutions. Mutations in nucleotide diphosphate kinase, ndk, significantly elevated simple mutations but had little effect on the templated class. Zebularine, a cytosine analog, elevated all classes.
T HE lacZ gene of Escherichia coli, which encodes the enzyme b-galactosidase, has been used widely as a reporter gene in a number of applications because of the ease of enzymatic and genetic assays for its function (for example, Schofield et al. 1992; Lopez et al. 2007 ). Cupples and Miller (1989) pioneered the use of lacZ to report specific mutational events, designing a set of F9 lac strains that can revert to Lac 1 only by one of the six specific base substitution mutations. This specificity was possible because only glutamate can be tolerated at amino acid position 461 of the b-galactosidase; this set of strains includes mutations at codon 461 that can restore function by one and only one base substitution ( Figure 1A) . Cupples et al. (1990) later extended this set to include strains that revert to Lac 1 by frameshift mutations in nucleotide runs, including 61A, or 61G, or 22CG ( Figure 1B ). These strains are widely used for determination of the specificity of mutagens and were also key to the isolation of mutator strains that affect specific mutational classes. One example was isolation of mutY, whose mutant phenotype was the specific elevation of GC to TA transversions (Nghiem et al. 1988) . MutY glycosylase specifically removes the adenine in G: A mispairs, explaining this specificity (Au et al. 1988) .
Base substitution and simple frameshift mutations do not account for all potential mutational events that may inactivate genes. An important class of mutational hotspots includes short imperfect inverted repeat sequences, also known as quasipalindromes (QPs) (Figure 2A ). These can be seen in mutational spectra in bacteriophage, bacteria, yeast, and in mutations responsible for several human genetic diseases (Stewart and Sherman 1974; Ripley 1982; De Boer and Ripley 1984; Mo et al. 1991; Demarini et al. 1993; Cebula 1995; Greenblatt et al. 1996; Bissler 1998; Yoshiyama and Maki 2003; Schultz et al. 2006) . Genetic analysis of the mechanism of mutagenesis suggests that these hotspot mutations, which always improve the perfection of the inverted repeat sequence, occur by template-switch reactions during normal replication (Viswanathan et al. 2000; Dutra and Lovett 2006) , as proposed initially by Ripley (1982) . The formation of an intrastrand hairpin structure on the nascent strand produces an alternative template for synthesis leading to mutations ( Figure 2B ). Alternatively, strand displacement and annealing across the replication fork at the site of the inverted repeats provides a template for synthesis of the hotspot mutation ( Figure  2C ) (Ripley 1982; De Boer and Ripley 1984; Rosche et al. 1995 Rosche et al. , 1997 Rosche et al. , 1998 . These template-switch reactions have been postulated to occur after stalled replication since mutations in E. coli SOS-induced translesion polymerases elevate hotspot mutagenesis in the thyA gene (Dutra and Lovett 2006) . Mutations in E. coli singlestrand exonucleases I and VII also elevate thyA hotspot mutagenesis 30-to 50-fold (Viswanathan et al. 2000; Dutra and Lovett 2006) , suggesting that the exonucleases suppress mutagenesis by degradation of displaced 39 ends that occur during the template switch. Mutagens that stimulate such template-switch events have not been well characterized and the generality of genetic effects on the thyA hotspot has not been established for other quasipalindrome-associated mutations.
A second class of mutational hotspots, as revealed by mutational spectra, are additions or deletions at short directly repeated DNA sequences. In the Lac repressor, lacI, gene, the repeat of (CTGG) 3 accounts for two-thirds of the mutations that inactivate the gene, by deletion or addition of the four-nucleotide repeat (Farabaugh et al. 1978; Schaaper et al. 1986) . Deletion hotspots also occur between more dispersed repeats, including a 17-bp nucleotide sequence with 14 bases of homology separated by 759 bases, that accounted for 60% of deletions in a lacI-lacZ gene fusion (Albertini et al. 1982) . The mechanism of these events appears to be misalignment (or "slippage") of the nascent DNA chain at the site of the repeats, as proposed first by Streisinger et al. (1966) (see review in Lovett 2004) . Cellular functions that inhibit these mutations have been characterized and include single-strand DNA specific exonucleases that may act to degrade displaced DNA strands that are intermediates in the reaction (Allgood and Silhavy 1991; Bzymek et al. 1999; Feschenko et al. 2003) . In addition, impairments in many replication functions in E. coli can predispose to deletion/expansion at direct repeats including mutations in the polymerase itself and proofreading subunit (Bierne et al. 1997; Saveson and Lovett 1997) . There is evidence that slipped alignment mutational events occur during DNA repair reactions, as defined by a DnaK-dependent pathway in E. coli (Goldfless et al. -Mechanisms for mutagenesis in quasipalindromes involving replication template switching. (A) Sequence of an imperfect inverted repeat (boxed nucleotides will form base pairs in the quasipalindrome.) (B) Intramolecular template switching. Hairpin formation and templated mutation can occur by a template switch to copy one arm of the repeat, leading to perfection of the inverted repeat. A second template switch to resume normal replication produces the mutational event (shown in boldface type). Note that hairpin formation on leading and lagging strands leads to mutations on different sides of the inverted repeat. Cupples and Miller (1989) and Cupples et al. (1990) for detection of specific base substitutions (A) and frameshift mutations (B) by lacZ reversion.
2006) and a Rad5, -6, -18-dependent pathway in yeast (Torres-Ramos et al. 2002) , since mutations in these repair functions decrease the rate of deletion at short direct repeats.
In the set of strains described here, we have used direct or inverted repeats in the E. coli chromosomal lacZ gene to engineer reporters that specifically detect mutations by strand misalignment in the context of inverted or direct repeats. These reporter strains should be useful to ascertain whether mutagens or genetic factors enhance mutations of these important classes. We show that exonuclease I and VII deficiency elevates templated mutations in lacZ inverted repeats; this is consistent with our previously published results that show that exonuclease I and VII deficiency elevates templated mutations at inverted repeats within the thyA gene (Dutra and Lovett 2006) . Template-switch mutagenesis at inverted repeats is more prevalent at the distal repeat than the proximal repeat, with respect to the direction of the leading strand of replication and the replication fork. This preference may indicate that template-switch events associated with inverted repeats occur predominantly on the leading strand of replication.
To allow comparison of these templated mutational events to simple polymerase error mutations, we have reengineered the frameshift and base substitution reporters of Cupples and Miller (1989) and Cupples et al. (1990) , so that the lacZ reporter gene resides on the E. coli chromosome rather than on a plasmid. A similar set of base substitution reporters was previously engineered in the lambda attachment site by Fijalkowska et al. (1998) . The chromosomal location not only improves the stability of the reporter, but also eliminates potential contributions of F plasmid-specific DNA metabolism. These may include DNA metabolism genes expressed by the plasmid, such as dinB (Kim et al. 2001) , from the fact that the majority of F plasmid replication does not occur during the same phases of bacterial growth where chromosomal replication occurs (Pritchard et al. 1975) , and from the rolling circle mechanism of plasmid DNA replication, which may increase both the rate of 21 frameshifts (Radicella et al. 1995) and may promote recombination (Slechta et al. 2002) . Using a linked tetracycline-resistance genetic marker, the chromosomal lacZ alleles can be easily moved to other strains of interest. Using this set, we investigate the effect of nucleotide pool alterations caused by hydroxyurea (HU), an inhibitor of ribonucleotide reductase, or by inactivation of nucleoside diphosphate kinase, ndk, and by the cytosine analog zebularine.
MATERIALS AND METHODS
Growth media: E. coli K-12 strains were routinely grown in LB broth (Miller 1992) . Tetracycline, chloramphenicol, and ampicillin, when required, were added to 15, 30, and 100 mg/ml, respectively. Minimal medium employed 56/2 salts (Willetts et al. 1969) , glucose, or lactose at 0.4% and 0.001% thiamine. To visualize the Lac phenotype, X-gal (40 mg/ml) and IPTG (0.1 mM) were added to plate medium on which Lac 1 colonies appeared blue and Lac 2 were white.
Strain construction: E. coli K-12 strains used in this study are available by request from the E. coli Genetic Stock Center (http://cgsc.biology.yale.edu/). We constructed all strains (Table 1) in the MG1655 background, using "recombineering" by lambda recombination and single-strand DNA oligonucleotides (Table 2) , as described previously (Datta et al. 2006) . To facilitate recovery of recombinants, recombineering was performed in an MG1655 mutS background, strain STL13725 or STL13726, that carries a Tn10 insertion near lac, mhpC281::Tn10 (zah-281::Tn10) (Singer et al. 1989; Nichols et al. 1998) . We designed oligonucleotides of 70 nt that contained the desired mutations, transforming these by electroporation (Dower et al. 1988) into cells containing heat inducible recombineering plasmids pSIM5 or pSIM6. After heat activation and recovery, cells were plated on LB plates containing X-gal and IPTG. Colonies whose lacZ gene had been modified were identified as white colonies. Mutations (DNA sequences of sites and appropriate PCR primers are given in supporting information, Figure S1 ) were confirmed by sequencing, and then the altered lacZ genes were transferred to wild-type (wt) MG1655 or mutS strain STL13726 by P1 viral transduction (Miller 1992 ) with mhpC281::Tn10 (zah-281::Tn10), selecting tetracycline resistance. The LacZ 2 phenotype was confirmed by white color on X-gal IPTG plates. Deletion and quasipalindrome-associated mutational reporters were also introduced by similar P1 transduction into a strain carrying deletion mutations in exonuclease I and exonuclease VII, STL12325.
Mutation rate determination: Reversion rates were determined for each strain using fluctuation analysis as follows. Cultures inoculated from entire single colonies in 1.5 ml LB medium were grown overnight at 37°with aeration. For hydroxyurea experiments, test tubes containing LB with 0, 3, or 4 mM hydroxyurea were inoculated with ,200 cells and grown without aeration overnight at 37°. For zebularine experiments, test tubes containing LB with 0, 15, or 50 mg/ml zebularine were inoculated with ,200 cells. Cells from the entire culture were recovered by microcentrifugation, washed twice with 1 ml of 56/2 buffer, and resuspended in 150 ml of 1 · 56/2 buffer. A small fraction ,1% of the cells was subjected to serial dilution and plating on LB plates to determine number of colony forming units (cfu). The remainder were plated on minimal lactose medium containing X-gal and IPTG (LacMinXI) and incubated for 2 days at 37°. (The Xgal and IPTG in the medium are not necessary for the selection but aid in visualization of the colonies). For those strains with high reversion rates (.0.3 reversions per 10 8 cell divisions), serial dilutions of cultures in 56/2 were plated on LacMinXI plates. For those data sets where only a fraction of the culture was plated, the following equation was used: (where actual mutation rate ¼ m act , observed mutation rate ¼ m obs , and fraction plated ¼ z) m act ¼ m obs *(z 2 1)/(z*ln(z)) as described previously (Rosche and Foster 2000) . Ninety-five percent confidence intervals were also calculated (Rosche and Foster 2000) . Calculation of mutation rate was performed using the Ma-Sandri-Sarkar (MSS) method (Sarkar et al. 1992) as described in Rosche and Foster (2000) . We wrote a VB.net program (Table S1, K. Seier) that performs the recursive calculations necessary to determine the M value by the MSS. The program runs on Windows computers and requires a .Net 3.5 platform and OS, XP, Vista, Windows 7 or better and is also available for download at http://www. bio.brandeis.edu/msscalc/. We calculated all mutation rates to two significant figures. To verify the results of our program, lacZ Mutational Reporters we also calculated by the method of the median by Lea and Coulson (1949) and/or by the p0 method (Rosche and Foster 2000) . All three calculation methods gave nearly identical results (Table S1 ). Confidence intervals were calculated as described by Rosche and Foster (2000) . DNA sequence determination of revertants: Polymerase chain reaction was performed with Taq polymerase (GoTaq Green Master Mix; Promega), with hot start at 95°, annealing 56°for 45 sec, extension 72°for 1 min, and 29-35 cycles. To confirm the specificity of the chromosomally introduced mutational reporters, the lacZ gene from four revertants from each of the strains was recovered by PCR using one of three sets of PCR primers described in Table 2 . One set of primers covers all nucleotide substitutions, 61 nt, and 62 nt frameshifts. One set covers the quasipalindromes. One set is specific for the 11-bp duplication. Sequence analysis was performed (Molecular Biology Core Facility at the Dana Farber Cancer Institute, Boston, MA) with one of three sets of sequencing primers described in Table 2 . See Figures 1, 3, and 6 for an illustration of these mutations. For the new reporters detecting deletion and quasipalindrome mutations, additional revertants were sequenced. For QP3/4/5/6 (quasipalindrome) mutation reporter strains, the inverted repeats made sequencing difficult and sequencing was performed using "high GC" conditions. For these strains, template-switch mutations were characterized by loss of the SacII (QP3 and QP4), EarI (QP5), or PvuII restriction sites (QP6). PCR products were generated from primers (Table 2 ) and digested for 1 hr at 37°with the restriction endonuclease (New England Biolabs), followed by resolution on 2% agarose gels and ethidium bromide staining. For QP5 and QP6, the PCR fragments include a natural EarI or PvuII site, in addition to the one affected by mutation in the quasipalindromes, such that digestion distinguishes between one or two cleavage sites.
Papillation assay: Reversion of lacZ reporters was detected on special medium including 1% Bacto-Tryptone (BD Biosciences), 0.1% yeast extract, 0.5% NaCl, 1% lactose, and 1.5% agar to which X-gal (40 mg/ml) and IPTG (0.1 mM) had been added.
RESULTS
Quasipalindrome-associated template-switch mutational reporters: Mutational hotspots are frequently found in imperfect inverted repeats, also known as quasipalindromes. These sequences promote templated mutations in which, during replication, one side of the quasipalindrome serves as a template for replicating the other side, resulting in an increase in symmetry for the quasipalindrome. This can occur in an intramolecular hairpin structure formed by the nascent strand or by intermolecular mispairing of the nascent strand on an alternative template consisting of the parental strand of the sister chromosome, across the replication fork ( Figure 2 , B and C).
To design a reporter for this type of templated mutation, we searched the lacZ sequence for inverted repeat sequences and found at nucleotides 184-223, relative to the lacZ ATG start site, a 15-bp palindrome with two imperfections and a intervening sequence of 6 nucleotides ( Figure 3 ). This sequence was identified in a previous study of potential secondary structures in lacZ (Burkala et al. 2007) . Without alteration of the amino acid sequence, we could add one additional base pair by mutation of A to G at nucleotide 201, which reduced the intervening region to 4 nucleotides. To compare potential effects of the direction of replication on mutation rates, we inserted a 1GC frameshift mutation either on the 59 strand relative to the coding arm ( just after nucleotide 194) or on the 39 side (after nucleotide 212). The 1GC insertions create SacII restriction sites (59 CCGCGG). A templated mutation would remove the GC insertion and restore the wild-type LacZ coding sequence (Figure 4 ). In theory, 11 or 22 frameshifts at other sites could potentially contribute to reversion in these reporters. Templated removal of GC can be distinguished from these other events by the loss of the SacII restriction site. We named these first-generation quasipalindrome reporters QP3 and QP4.
The orientation of these reporters is such that the QP3 reporter templates the reversion by a simple Unless otherwise noted, all strains are derived from MG1655 and contain the added genotype of F-rph-1 not listed.
a Figure 1 gives a more comprehensive review of the mutations created in lacZ gene.
lacZ Mutational Reportersintramolecular template switch on the nascent leading strand, whereas QP4 reports an intramolecular hairpinassociated mutation on the nascent lagging strand. On the basis of our past experience (Dutra and Lovett 2006) , we expected that template switching might also produce, in addition to the 2GC mutation, comutations at nucleotides 187 and 189 (T to A and G to C, respectively) for QP3 and nucleotides 218 and 220 (G to C and T to A, respectively) for QP4, which further perfect the palindrome (Figure 3 ). If these changes did not disturb b-galactosidase function, these might be recovered among the revertants. Comutations in QP3 generate a tryptophan to serine mutation at amino acid 63 in the coding sequence and in QP4 generate asparagine to serine and arginine to tryptophan mutations at amino acids 73 and 74.
In wild-type strains, Lac 1 reversion of the QP3 reporter was detected at a rate of 1.6 · 10 29 and of the QP4 reporter somewhat lower at 3.3 · 10 210 . To determine the proportion of template switch-derived events that contribute to reversion in these strains, we isolated PCR fragments encompassing the mutational region from independent revertants and subjected them to SacII digestion. For QP3, 13/15 of independently isolated revertants had lost the SacII site, indicative of a templated mutation. For QP4, 6/15 were SacII 2 , indicating that the majority of events that restored the Lac 1 phenotype were not template-switch events. The rate of QP4 templated reversion is so low that it is similar to that detected for insertion of a nonsense codon (A214T) in the otherwise wildtype lacZ sequence (Burkala et al. 2007) .
The QP3 and QP4 lacZ loci were moved to the mutS strain background to determine the effects of mismatch repair on reversion rates. Because 2-bp frameshift loops formed between nascent and template strand are potential substrates for mismatch repair, we expected an increase in the mutS background. We observed a seven-to eightfold stimulation of reversion rates of QP3 and QP4 in mutS strains, confirming this expectation (Table 3) . Sequence analysis of mutS Lac 1 revertants of QP3 showed that 12/17 had a templated 2GC mutation, with the remainder 11 nucleotide additions upstream or downstream of the 1GC. Of the 12 templated mutations, most (9/12) had comutated nucleotides 187 and 189; 3/12 had only the 2GC mutation. Reporters QP3 and QP4 have a silent mutation, nucleotide A201G (G shown in boldface type), that strengthens the hairpin by 1 bp. A GC dinucleotide has been inserted at the 59 side (QP3) or 39 side (QP4) that shifts lacZ out of frame and generates a unique SacII site. Template-switch mutagenesis will remove the GC, generating an intact lacZ gene (LacZ*) and may also produce comutations G to C and T to A at nucleotides 189 and 187 for QP3 and nucleotides 218 and 220 for QP4. Second generation reporters QP5 and QP6 incorporate nucleotide T187A and G189C mutations (that produce a W63S amino acid change that does not interfere with lacZ function) and are mutated to Lac 2 by insertion of a TCTC sequence, generating either an EarI site (QP5) or PvuII site (QP6), shown in boldface type. Templated reversion restores Lac 1 , with concomitant loss of the EarI or PvuII site. lacZ Mutational ReportersFor QP4, 10/14 had 11 frameshifts elsewhere and only 4/14 had templated the 2GC, without comutation at 218 and 220. These data, combined with the reversion rates, show that templated reversion at lacZ-QP3 is about 13-fold intrinsically higher than that at lacZ QP4, with a rate of 9.2 · 10 29 for QP3 and 6.9 · 10 210 for QP4. This may be because of the orientation of the mutation relative to the replication fork (leading vs. lagging strand synthesis) or because of other unknown sequence context effects, such as the sequence in the hairpin loop region.
E. coli 39 ssDNA exonucleases ExoI and ExoVII redundantly repress template-switch-generated mutation at the quasipalindrome-associated mutational hotspot in the thyA gene (Viswanathan et al. 2000; Dutra and Lovett 2006 ). This effect is largely specific to the hotspot; ExoI and ExoVII do not significantly affect base substitutions and have only slight effects on frameshift mutations (Viswanathan and Lovett 1998) . To confirm a similar effect of the exonucleases on templated mutational reporters in the lacZ gene, we moved the QP3 and QP4 lacZ alleles to a strain with the xonA and xseA genes deleted and measured mutation rates (Table 3) . Deficiency in these ssDNA exonucleases elevated LacZ reversion rates 3-and 11-fold, respectively, for the QP3 and QP4 reporters, confirming a universal role for these exonucleases in the avoidance of template-switch mutations. Furthermore, SacII digests and sequence analysis revealed that proportionately more reversions in the ssDNA Exo 2 background occurred by template-switch events. Not all of the template-switch events involved perfection of the quasipalindrome; some involved other, unexpected, sequence misalignments. For QP3, 15/15 isolates lacked the SacII site. Sequence analysis of an additional set of 12 isolates showed that 9/12 of the sequenced isolates had a templated 2GC with comutations at 187 and 189. Two sequenced revertants had a templated 1CCGG insertion after nucleotide 192, which can be produced by an alternative hairpin structure (Figure 4) . The remaining revertant was produced by a triplication of a seven nucleotide 59 GAATGGC 39 duplicated sequence at nucleotide 165-178 (1/12). These events, although templated, restore reading frame without loss of the SacII restriction site. For QP4, 13/13 independent isolates lacked the SacII site. Seven sequenced independent isolates, different from the latter set, showed that 4 are 2GC with comutations at nucleotides 218 and 220. Two are simple 11 frameshifts (1T after nucleotide 187, 1C after nucleotide 189); these are not in nucleotide runs and we suspect they are templated from sequences nearby. One is a seven-nucleotide duplication 59 GGAAGCG of nucleotides 201-207. Unlike the templated 2GC frameshift detected by QP3 and QP4, the simple 2CG frameshift mutation (equivalent to that detected by CC109, see construction below) was not affected by exonuclease deficiency (Table 3 ), confirming that the effect of exonucleases I and VII are exclusive to templated events.
Given that the QP3 and QP4 reporters did not exclusively revert via templated mutational events, we created second-generation reporters, QP5 and QP6, with features that would strengthen the hairpin and promote template switching. The Lac 1 phenotype of W63S revertants (the comutated class of QP3) suggested that the hairpin could be strengthened by 2 bp by mutation to A at 187 and C at 189, without loss of LacZ function. We inserted 4 nucleotides, 59 TCTC after nucleotide 188, generating a frameshift mutation and an EarI restriction site for QP5 or after nucleotide 216, generating a PvuII site for QP6 (Figure 3) . The mutable site in these second-generation constructs was moved closer to the base of the predicted hairpin structure. The predicted hairpin structure therefore contains 11 bp before the site of the templated reversion site and 7 bp after the site (compared to 7 premutation and 9 postmutation bp for QP3 and QP4 structures). Furthermore, the four nucleotide frameshift intermediate should be refractory to the mismatch repair system (Parker and Marinus 1992) , allowing a higher frequency of detection in mismatch repair-proficient, wild-type strains.
The reversion rate of the second-generation quasipalindrome reporters in the wild-type strain was indeed higher, at 9.7 per 10 8 cells for QP5 and 1.9 per 10 8 cells for QP6; reversion rates for both reporters, as expected, were unaffected by deficiency in mutS (Table 3) . As was seen with the first-generation reporters, the construct that could revert via an intramolecular template switch on the leading strand (QP5) gave higher rates than for the lagging strand (QP6). Exonuclease I and VII deficiency elevated rates 5-fold for QP5 and 40-fold for QP6. A total of 24/24 independent isolates from QP5 revertants in the wild-type background had lost the EarI site, indicating a templated event. A total of 12/12 independent isolates from QP6 revertants in each of three genetic backgrounds (wt, MutS 2 , and Exo 2 ) had lost the PvuII site, indicative of a templated event. Therefore both QP5 and QP6 strains specifically report quasipalindrome-associated template-switching events. We also note that, in both cases, increased reversion of the leading strand reporters (QP3 and QP5) relative to lagging strand reporters (QP4 and QP6) is lost in the Exo 2 genetic background. These higher reversion rates of the second generation quasipalindrome reporters are detected easily by a colony papillation assay, where Lac 1 revertants within a colony are seen as blue pimples on an otherwise white colony ( Figure 5 ). This provides a convenient visual assay for reversion in multiple independent populations and should prove useful for genetic mutator and mutagen screens for effects on this specific class of mutations.
Deletion mutational reporter: Deletions at short tandem repeats are also associated with mutational hotspots (Farabaugh et al. 1978; Albertini et al. 1982; Schaaper et al. 1986 ). To design a lacZ reporter for this type of event, we created an 11-bp tandem duplication of lacZ from nucleotides 2500-2510, which produces a frameshift in lacZ and a premature stop codon ( Figure 6 ). Deletion of this repeat restores the wildtype reading frame and Lac 1 phenotype. Like the previous reporters, this was produced by oligonucleotide recombineering and then backcrossed into wild-type and mutS strain background by P1 transduction.
Deletion of the 11-bp tandem repeat occurs at high rates, between 5 and 6 · 10 28 per cell (Table 3) . Mismatch repair was not expected to change deletion rates, because the 11-base loop structures formed by slipped misalignment of template and nascent strand is too large to be detected by MutS (Parker and Marinus 1992) . Indeed, mutS has no effect on reversion rate in this construct. Sequence analysis of 12 revertants confirmed that all are produced by precise loss of the 11-bp repeat. Unlike the mutations templated at inverted repeats, deletion of the 11-bp direct repeat was not significantly affected by loss of exonucleases I and VII.
Reengineering base substitution and frameshift reporters: Using the design of Cupples and Miller (1989) , we constructed a set of six lacZ mutant strains, which revert by one specific base substitution mutation. Unlike the Cupples and Miller reporters on plasmid F lac, our set employs mutations in the natural chromosomal lac locus, which would allow them to be compared to the reporters developed above. Fijalkowska et al. (1998) had previously engineered four base substitution reporters (equivalent to CC102, CC104, CC105, and CC106) into the chromosome by insertion of the lac operon in two orientations at attB (MakielaDzbenska et al. 2009) .
By Lac 1 reversion assays, we calculated rates of each base substitution mutation in both wild-type and mutS mismatch repair-defective strains (Table 4) . Reversion rates for all events were low, between 10 211 to 10 29 per cell in wild-type strains. Deficiency in mismatch repair led to a large increase in transition mutations A to G and G to A, as expected (140-fold and 197-fold, respectively), consistent with the known efficiency of mismatch repair on A:C and G:T mispairs (reviewed in Modrich and Lahue 1996) . A lesser effect of mismatch repair was seen on the rates of transversion mutations, ranging from no effect to 12-fold elevation in the mutS strain background. Again, this is consistent with the relative inefficiency of mismatch repair on purine: purine or pyrimidine:pyrimidine mispairs, which are the intermediates of these mutational events (reviewed in Modrich and Lahue 1996) .
In addition to the base substitution reporters, we reengineered a set of frameshift mutation reporters at the chromosomal lacZ locus. Nucleotide repeats are sites of frameshift hotspot mutations, which are believed to be Ninety-fifth percentile (per.) determined by methd described in equations 24 and 25 in Rosche and Foster (2000) . a Using the frequency of SacII 2 revertants (13/15) for the wild-type background and sequence analysis for the mutS background (12/17 templated), the rate of templated mutation at QP3 is calculated to be 1.4 · 10 29 for wt and 9.2 · 10 29 for the mutS background.
b More than 90% reversions appear to be templated, as determined by sequence analysis and restriction assays. c Using the frequency of SacII 2 revertants (6/15) for the wild-type background and sequence analysis for the mutS background (4/14 templated), the rate of templated mutation at QP4 is calculated to be 1.3 · 10 210 for wt and 6.9 · 10 210 for the mutS background.
produced by slipped alignment of the nascent strand and its template at the site of the repeats (Streisinger et al. 1966) . Cupples et al. (1990) designed a set of frameshift reporter strains that measure single nucleotide additions or deletion in runs of six guanines or six or seven adenine residues. A reporter for a dinucleotide frameshift was also generated that reports 2CG in a run of five CG dinucleotide repeats. We recreated these reporter mutations in chromosomal lacZ and designed an additional reporter for a 1CG in a three CG repeat run ( Figure 1B) .
The observed rates of single frameshift mutations in wild-type strains were higher than the base substitution mutations, in the range of 10 29 to 10 28 per cell (Table  4 ). The 2CG mutation rate was also higher, at 10 28 . The 1CG mutation was undetectable (,10 210 per cell) in wild-type cells. The difference between the rates of addition or loss of CG in these reporters likely reflects the probability of slippage as a function of the size of the repeat run in the reporter strains, five repeats for the 2CG, and three repeats for the 1CG, rather than any intrinsic difference between 12 or 22 frameshift mutations.
Loss of mismatch repair capacity led to a dramatic increase in G or C frameshifts: 3100-fold elevation of 1G and 780-fold elevation of 2G reversion. A or T frameshifts were also enhanced by mutS but to a lesser extent: 33-fold for 1A and 63-fold for 2A. The dinucleotide frameshift was also enhanced by mismatch repair defects: at least 3-fold for 1CG and 150-fold for 2CG.
Comparison of mutant reversion rates measured in our chromosomal lac reversion assays vs. those measured by Miller et al. (2002) for those resident on F9 lac (Figure 7) indicate that, in all nine cases for which there are data in both studies, chromosomal reversion is more infrequent than reversion of the same lac allele on the F9 plasmid. This effect can be as high as a factor of 74 and is especially apparent for frameshift mutations. In mutS, mismatch repair-defective strains the effect of plasmid vs. chromosome location persisted, indicating that it likely represents differences in the occurrence of the mutation, rather than its repair. We did note, however, that mutS ameliorated somewhat the difference between plasmid and chromosome lacZ loci for the G to T transversion and the 61G frameshifts, suggesting that some premutations are refractory to mismatch repair in the plasmid, but not in the chromosomal, context.
Nucleotide effects on templated mutations vs. simple mutations: Using members of the constructed and validated set above, we assayed two conditions that might perturb DNA replication by alterations in deoxynucleotide pools. In addition, we assayed effects of a mutagenic cytosine analog.
The first treatment was with hydroxyurea, an inhibitor of ribonucleotide reductase that converts ribonucleoside Figure 6 -Deletion mutational reporter. An eleven nucleotide sequence was duplicated, inactivating lacZ. A deletion event, produced by "slippage" of the nascent strand on its template, gives rise to lacZ reversion. diphosphates to deoxynucleotide diphosphates, thereby depleting precursor pools for DNA synthesis (Timson 1975) . We used sublethal doses of HU during expansion of the cultures and measured Lac 1 reversion rates in the deletion and QP5 reporters, as well as a transition mutation (AT to GC) and a frameshift (11G) reporter. Because we have observed that HU loses potency in aerated cultures, these cultures were prepared in test tubes that were capped and unshaken. We observed that HU significantly stimulated reversion, about twofold, of the QP5 reporter, at both 3 mM and 4 mM HU; no other reporter showed significant difference (Figure 8) .
In addition, we tested the effects of nucleotide pool alterations by loss of nucleotide diphosphate kinase (ndk) activity. Such strains are viable but exhibit a strong mutator phenotype (Lu et al. 1995; Miller et al. 2002) , possibly due to perturbations of nucleotide pools, including a modest elevation of dCTP and diminishment of dATP (Shen et al. 2006) or accumulation of dUTP (Nordman and Wright 2008) . We transduced an ndk knockout allele into our AT to TA and 11G reporter strains [which are strongly affected by ndk on F9 lac (CC105 and CC107); Miller et al. 2002] , as well as into the 211 deletion and QP5 reporters. Although we verified effects of ndk on the AT to TA transversion and 11G frameshift reversions (Figure 8 ), ndk had no detectable effect on either the deletion or quasipalindrome-associated mutational events.
Zebularine is a cytosine analog, lacking its amino group at C4, and has previously shown to be strongly mutagenic, especially GC to AT transitions, as assayed by mutagenesis of the rpoB gene to rifampicin resistance and using the CC reversion assay strains (Lee et al. 2004) . Zebularine also stimulates mutation to rifampicin resistance in mutS strains, with the mutational spectrum resembling that without treatment, suggesting that zebularine stimulates polymerase errors of many types. We tested two doses of zebularine, 15 and 50 mg/ml, (the 15 mg/ml dose was used in Lee et al. (2004) and was found to be mutagenic and compatible with growth), on reversion of the deletion and QP5 templated mutation reporters (Figure 8 ). Zebularine at 15 mg/ml was detectably mutagenic for QP5 and at 50 mg/ml was strongly mutagenic for both the 211 deletion and the quasipalindrome-associated QP5 mutation, with .10-fold stimulation of the latter reporter. Although the mechanism of zebularine mutagenicity is not known, this supports the idea that zebularine increases errors during replication, including the templated class.
DISCUSSION
Using lambda Red recombination between the chromosome and transformed oligonucleotides, we created a series of lacZ reversion reporter strains that are more complete than any set previously available. Our strains detect two classes of templated events associated with mutational hotspots and include specific reporters for all six base substitutions and short frameshift mutations.
Our reporters that revert to lacZ 1 by a templated mutation within a quasipalindromic sequence cause concomitant loss of a restriction site that can be conveniently assayed. These reporters were designed by adding 1 or 3 additional base pairs to a naturally occurring inverted repeat at nucleotides 184-223 of the lacZ coding region and by the insertion of 2 or 4 nucleotides to one of the repeats, moving the remainder of the lacZ coding region out of frame. Template switching, such that one side of the repeat templates the other, removes the insertion and gives rise to a Lac 1 revertant ( Figure  2) . Two of these, QP5 and QP6, appear to revert exclusively by the template switch-generated mutation, at high frequency in the population, comparable to the Ninety-fifth percentile (per.) determined by method described in equations 24 and 25 in Rosche and Foster (2000) .
lacZ Mutational Reportersrate for the natural quasipalindromic hotspot in the thyA gene. The use of these new generation reporters should facilitate identification of the genes and mutagens that specifically affect this class of mutations. Using a reversion assay for these lacZ reporters, we confirmed that deficiency in the 39 single-strand DNA exonucleases, ExoI and ExoVII, elevate template-switch mutations, as it does for the mutational hotspot discovered in the thyA gene of E. coli. In Exo 2 strains carrying the first-generation QP3 and QP4 reporters, we saw evidence of multiple types of templated events involving novel misalignments, including two hairpin structures ( Figure 4 ) and a seven nucleotide duplication and triplication. Increasing the number of potential base pairs in the inverted repeat from 16 to 18 in the second generation reporters QP5 and QP6, elevates mutation rate one to two orders of magnitude over that of the first-generation reporters and increases the specificity of the reversion event. Our experiments with the thyA quasipalindrome mutational hotspot suggest that basepairing potential both before and after a templated mutation in a hairpin structure is important (Dutra and Lovett 2006) , although it is not clear what rules govern the efficiency of this class of mutations. Because the amino acid sequence in this region of lacZ appears to not be important for function, we hope to use these reporters in the future to dissect systemically the parameters that govern the frequency of template switching.
Other studies of quasipalindrome-associated mutation have established a strand bias with respect to replication (Rosche et al. 1997 (Rosche et al. , 1998 Yoshiyama et al. 2001; Yoshiyama and Maki 2003) . In most cases, it is not possible to distinguish a simple intramolecular template switch in a hairpin structure from the more complex intermolecular template switch to the sister strand across the replication fork (Figure 3) . However, an intermolecular template switch during replication of the first repeat can lead to an inversion of the unpaired intervening sequence between the repeats; such events are indeed more common on the leading strand (Rosche et al. 1997) . In no cases in this study did we observe such inversion. We did, however, observe higher reversion of a mutation present on the repeat distal to the replication origin, relative to that in the proximal repeat; this bias was 11-fold for the QP3/QP4 reporter pair and 5.2-fold for the QP5/QP6 reporter pair. Such a bias is consistent with a stronger propensity of mutation on the leading strand, which has been cited as a reason to support an intermolecular template-switching mechanism for all hotspots of this type (Rosche et al. 1997) . Interestingly, this bias disappeared when reversion was assayed in strains lacking the 39 ssDNA exonucleases; exonuclease deficiency elevates templated reversion of leading strand reporters QP3 and QP5 weakly (3.6-and 5.1-fold, respectively) and lagging strand reporters QP4 and QP6 more strongly (28-and 40-fold, respectively). Therefore, strand bias could reflect the higher probability that 39 exonucleases will abort template switching on the lagging strand than on the leading strand. A potential explanation for this may be the recruitment of the exonucleases through interactions with single-strand DNA binding protein, SSB, which is more prevalent on the lagging strand. (ExoI is recruited and stimulated by an interaction with the C-terminal domain of SSB (Shereda et al. 2008) ; an interaction between SSB and ExoVII has not been reported).
In addition to the reporters of template switches at quasipalindromes, we designed another reversion reporter to detect deletion between 11-bp tandem directly repeated sequences. Such events were strikingly higher than base substitutions and frameshift mutations in wild-type strains, with rates approaching 10 27 per cell per generation. Although both deletions and quasipalindrome-associated mutations occur at elevated frequencies and involve misalignments of template and nascent strands, they appear to be affected differentially by genetic background and mutagens.
Because blocks to replication might stimulate the templated class of mutations, we investigated the effects of agents and genetic backgrounds that alter nucleotide pools. HU, which lowers deoxynucleotide pools via Rates of an 11-bp deletion, quasipalindrome-associated mutation (QP5), AT to TA transversion, and 11G frameshift mutations in wild-type cells (bars with light shading) compared to ndk-deficient strains (bars with dark shading). (B) Effects of hydroxyurea on deletion of an 11-bp tandem repeat and reversion rates for the quasipalindrome reporter QP5 and GC/AT transition mutation and 11G frameshift. Mock-treated cells (bars with light shading) were compared to strains treated with 3 mM (bars with medium shading) and 4 mM HU (bars with dark shading). (C) Effects of zebularine on deletion of an 11-bp tandem repeat and reversion rates for the quasipalindrome reporter QP5. Mock-treated cells (bars with light shading) were compared to strains treated with 15 mg/ml (bars with medium shading) or 50 mg/ml zebularine (bars with dark shading).
inhibition of ribonucleotide reductase, might be expected to promote nascent strand:template misalignment by polymerase dissociation or processing of stalled replication forks. We saw a modest, twofold, stimulation by HU on quasipalindrome-associated mutagenesis but not deletion at 11-bp repeats, 11G frameshift, or G to A base substitution mutations.
Loss of nucleotide diphosphate kinase activity encoded by the ndk gene has been shown to cause a strong mutator phenotype (Lu et al. 1995; Miller et al. 2002) , especially for AT to TA transversions (CC105) and 11G frameshifts (CC107), which we confirm here with chromosomal lacZ reversion reporters. The source of mutagenic effect is unclear but there is modest elevation of dCTP and reduction of dATP pools in ndk mutants (Shen et al. 2006) ; another study correlated ndk mutagenicity with dUTP incorporation into DNA (Nordman and Wright 2008) . In addition, there is evidence that ndk mutations may slow the replication fork; ndk was isolated as suppressor of the lethality associated with overinitiation of replication (conferred by the allele dnaAcos), despite a lack of effect on initiation rate (Nordman et al. 2007) . Rather surprisingly, ndk did not affect the templated class of mutations, neither deletion nor quasipalindrome-associated mutations.
Zebularine, a mutagenic cytidine analog, strongly stimulates GC to AT mutations, shown by mutational spectrum analysis of rifampicin-resistant mutants in rpoB (Lee et al. 2004) . Zebularine also stimulated trimethoprimresistance mutations in thyA in this study, although sequence determination was not done to determine whether stimulation occurred at the quasipalindromic hotspot, which normally accounts for 60% of trimethoprim-resistant mutants in wild-type strains (Viswanathan et al. 2000) . We show here a strong stimulation of quasipalindrome-associated templated mutations and deletions in lacZ, suggesting that zebularine may interfere with the progression of replication.
Although both deletions and quasipalindromeassociated mutations occur at elevated frequencies and involve misalignments of template and nascent strands, they appear to be affected differentially by genetic background and mutagens. Reversion of the quasipalindromic reporter QP5 was affected by zebularine and HU more strongly than the 11-bp deletion reporter. Likewise, exonuclease I and VII deficiency elevated quasipalindrome-associated mutagenesis but not deletion formation.
Using lambda Red recombination between the chromosome and transformed oligonucleotides, we recreated a set of lacZ reporters, initially designed by Cupples et al. (1990) and Cupples and Miller (1989) , to reside on the chromosomal lacZ locus rather than on a F9 lac plasmid. These revert to Lac 1 by specific base substitutions or by frameshift mutations in nucleotide runs and can be compared to the reporters of templated mutation, described above. Comparison of the mutation rates of F9 or chromosomal loci shows that the F9 lacZ locus is more mutable in all assays relative to the chromosomal lacZ, ranging from 2-fold to almost 80-fold. The frameshift mutations, in particular, were especially elevated in the plasmid reporter. F9 rolling circle replication during the transfer process has been implicated in the mutagenic process, known as "adaptive mutation," where 21 frameshift mutations accumulate in nongrowing cells under lactose selection (Foster and Trimarchi 1995; Radicella et al. 1995) . Rolling circle replication, even under nonselective conditions such as used in our experiments, may constitute a mutagenic process, especially for frameshift mutations. Difference between mutant frequencies of chromosomal vs. plasmid lacZ was still apparent in mismatch-deficient cells, relative to those proficient in mismatch repair, suggesting that plasmid replication may generate more mutations. Another advantage of this chromosomal set of reporters, in addition to the lower background of spontaneous mutagenesis, includes stability of the reporter construct.
This set, constructed in the genetic background of MG1655, can be used directly to screen potential mutagens. We included in the strain design a tetracycline-resistance marker tightly linked to lacZ so that individual lacZ mutant reporters can be moved to any recombination-proficient E. coli genetic background by P1 transduction to test genetic effects on specific mutations. Rates of reversion determined by multiple methods. This table shows final rate determined after M value is corrected for dilution and M is divided by the # cells plated. Where M value was not in the valid range for either Lea Coulson Method of the Median or the P0 method, M value was calculated by the method in which it was closest to being in the valid range. * As described in (Rosche and Foster 2000) . ** M value is outside the valid range for the assay
